The sorption of functional molecules is a simple rather effective way of modification of nanostructures. The goal of this work is to study the sorption of various polymethine dyes on nanographites and carbon nanotubes. A simple technique affording the preparation of macroscopic amounts (tens of grams) of nanographite from an available starting material has been implemented. The chemical functionalization of the obtained nanographite has been carried out in order to modify its binding properties. Stable suspensions of nanographite and its modifications are obtained in water and organic solvents. It is found that the cationic, anionic and neutral (merocyanine) polymethine dyes do not bind efficiently with the surface of the studied nanographites. Carbon nanotubes of different types (single-, double-, and multiwall) under the same conditions form stable associates with polymethine dyes, what is primarily manifested by a decrease in the absorption intensity of dyes in time, as well as by the additional stabilization of the nanotube suspension. The DFT calculations demonstrate that the studied dyes do not bind strongly, indeed, with nanographites, but they can form more stable aggregates with carbon nanotubes. K e y w o r d s: functional dyes, nanographite, carbon nanotubes, DFT.
Introduction
Carbon nanostructures due to their numerous possible applications, including functional materials and organic electronics, are an increasingly expanding research subject, whose foundation was laid about 40 years ago by the discovery of fullerenes and carbon nanotubes. The revealing of unique properties of graphene [1] , as well as the improvements of methods of synthesis and a modification of fullerenes and nanotubes [2, 3] , contributed to a further growth of studies in this field. For example, the novel composites from electrically conductive polymers, nanotubes, and graphene oxides promising for photovoltaics and large capacity photoconductors have been created [4] , although high prices constrain their actual practical implementation. That is why nanographites (NGs) -multilayered graphene clusters -attract such interest in these days. Due to the comparative cheapness and possibilities for a chemical modification, they are presently the most available carbon nanostructures, being potential matrices for creating the materials with unusual optical, electric, and magnetic properties [5] . The highly developed surface of these nanomaterials allows the adjustment of their properties with functional molecules via the sorption, thus avoiding a cost-demanding chemical modification. The organic semiconducting functional composites based on NGs are promising materials for batteries, solar cells, photocapacitors, printed electronics, etc. [6, 7] . Polymethine dyes (PDs) are unique photo-energy convertors with the widest known range of photophysical properties [8, 9] . This range can be even further extended in their nanocomposites, e.g., J-aggregates [10] , formed both in solutions and on surfaces of various substrates, for example, silver halides, quantum dots, etc. [11] . Integration of PDs and carbon nanostructures promises new vistas for their application, in the first place as light-sensitive composites.
Materials and Methods
Preparative amounts of NG structures have been obtained by the electrochemical expansion of thermally expanded graphite in an acidic medium, followed by the transfer of the material filtered and washed out with water and ethanol into organic solvents with the subsequent sonication (20 kHz) to form a homogeneous dispersion. This is one of the most promising ways of obtaining graphene and NG [12] . The resulting dispersions of NG in water, ethanol, and dioxane are stable in the concentration range 0-8 g/L; the average size of the multilayer graphene particles (or few-layer graphene) was 5 × 5 m with a thickness of 50 nm (Fig. 1) .
Some of the obtained NG underwent a chemical modification to increase the number of active groups on the surface capable of binding functional molecules. Thus, a suspension of NG (4 g) in 98% sulfuric acid (100 mL) was treated with potassium nitrate (2 g), persulfate (4 g), and permanganate (8 g) and stirred for 2 h. Then the reaction mixture was heated to 50 ∘ C, sonicated (20 kHz) for 30 min, and poured into water (900 mL). To wash out the reaction product from the excess persulfate, which can intercalate into the graphite structure [13] , and other reagents, the product was washed with water (3 × 30 mL), 0.5% hydrogen peroxide solution (3 × 30 mL), and then again with water until neutral. The obtained brown substance was treated with cation-exchange resin KU-2-8 (100 g) in water; the precipitate was separated from the resin and washed with water until neutral to afford 2.8 g of the oxidized NG. The partial destruction of the conjugated -system of NG during the oxidation was confirmed by UV-Vis spectroscopy. It was manifested by a decrease in the intensity of the 270-nm absorption band characteristic of graphene [14] . The oxidized NG having active epoxy groups on the surface was further modified by treating its dioxane suspension with diethylamine. The product was repeatedly washed with dioxane and then with ethanol.
The interaction of PDs with carbon nanostructures has been studied in ethanol and aqueous solutions for anionic (1), cationic (2) , and neutral merocyanine (3) dyes ( Fig. 2 ), which were synthesized according to [15] and purified, by using column chromatography (silica gel 0.063-0.2 mm, dichloromethane as an eluent) with TLC and the spectral (UV-Vis, 1 H NMR) control of the purity.
These compounds have intense selective absorption in the same spectral region and fluorescence with a small Stokes shift [8, 16, 17] . For dyes 2 and 3, the fluorescence quantum yield strongly depends on the medium viscosity, increasing by a factor of tens in solid matrices [8, 17] , to which the surface of nanostructures can be parallelized. The studies were carried out in ethanol solutions at the 0.1-0.5 g/L-concentration of NGs and (1-2)×10 −6 mol/L of dyes. Immediately before the addition of dyes, NG suspensions were treated for 10 min in an ultrasonic bath. The absorption spectra of solutions were recorded in 1-cm cells on a Shimadzu UV-3100 spectrophotometer, and fluorescence spectra were measured using a Solar CM2203 spectrofluorometer (Belarus).
Results and Discussion
It turned out that, with NGs unmodified, oxidized, and modified with diethylamine, the resulting absorption spectra are a superposition of the spectral curves of individual components (Fig. 3) . This result indicates the absence of strong noncovalent interactions between dyes 1-3 and NGs in the studied systems.
Fluorescence spectroscopy is generally more sensitive than UV-Vis spectroscopy. However, in the present case, the intense scattering of the excitation light by nanoparticles of the non-modified NG has prevented registering the reliable fluorescence spectra even with polarization filters. Particulates of the chemically modified NG should be smaller, since the intercalation of reactants during the oxidation results in a further expansion of graphene layers. Consequently, the excitation light scattering should be less for them. Indeed, the fluorescence spectra have been registered for systems containing the oxidized NG (Fig. 4) .
It has been found that the excitation in the near-UV spectrum region (320-400 nm) results in a very broad and structureless fluorescence band, which can be attributed as the fluorescence of the oxidized NG. Under the excitation in the region of >500 nm (dyes' absorption bands), the narrow fluorescence band of a polymethine chromophore is dominating (Fig. 4) . At that, the intensity of the NG fluorescence band under the 500-nm excitation is almost the same as its intensity in the analogous solution of the pure oxidized NG. This means the marginal (or the absence of) dye-to-NG excitation energy transfer, i.e., the fluorescence measurements confirmed the conclusion made from the UV-Vis spectral data about their weak interaction.
Carbon nanotubes (CNTs) have much larger specific surface area than nanographite. Moreover, their inside cavity affords a highly polarized environment, which can host relatively small near-linear conjugated molecules [18] . This should favor their interaction with PDs. It has been observed that the addition of CNTs, either single-(SWNT) or double-(DWNT) and multiwall (MWNT) ones, to the ethanol solutions of compounds 1-3 results in a rapid decrease in the dye absorption intensity (Fig. 5) . The saturation equilibrium for dye 1 is reached over 60-120 min, depending on the type of CNTs.
Notably, in the case of DWNT and MWNT, the absorption intensity decrease is greater than with SWNT, i.e., more dye is bound per unit mass of the former (cf. Fig. 5, a, b) . One can see also that the maximum effect is reached for anionic dye 1, it is slightly smaller for cationic dye 2, while it is much diminished for merocyanine 3.
There can be several reasons for the abated dyes' absorption here. The most obvious one is their photobleaching in the presence of CNTs. However, the studied dyes are derivatives of 1,3,3-trimethylindole and malononitrile, and both these terminal groups are known to provide a high photochemical stability to polymethines [19, 20] . Moreover, no additional shortwavelength bands of the probable photodestruction products were detected, and the effects were observed in the closed cell holder of a spectrophotometer, i.e. in the absence of the intense ambient light. The formation of charge-transfer complexes between the dyes and CNTs also can be eliminated both due to the absence of any additional spectral bands and by the fact that the similar spectral changes were observed for dyes with three different charges of their chromophores.
Hence, it can be concluded that the observed spectral effects should be explained by the association of dyes with CNTs. There are two possible ways of their interaction, namely, the surface sorption and intercalation of dye molecules inside CNTs. We suppose that the latter is more probable in the case. Indeed, the studied dyes did not show any signs of interactions with the NGs, the surface of which is also well developed and, not unlike to the surface of CNTs, especially to the MWNT, that are characterized by the considerable outer diameter. There are some additional factors in favor of the intercalation mechanism: the maximum effects for anion 1 that is character-ized by the minimum width and thickness dimensions among the studied polymethines; the stronger effect for DWNT and MWNT in comparison with SWNT can be rationalized by the intercalation of dyes not only in the central cavity of CNT but also between the carbon layers; the literature data which unequivocally prove the possibility of such intercalation [18] . It should be mentioned, however, that this explanation does not reveal the actual physical mechanism of dye visual bleaching. We can only suppose that the light scattering on CNTs can be relevant here.
The interaction of dyes with CNTs is manifested not just in UV-Vis spectra. The resulting colloidal solutions with dyes 1 and 2 has been found more stable against the sedimentation, than the dispersion of pure CNTs. Probably, the dye ions binding to nanotubes provide them with like charge, thereby increasing their solubility in the polar medium and preventing their coalescence.
To get more insight into the interaction of carbon nanostructures with PDs, DFT/B3LYP/STO-3G quantum chemical simulations have been performed in the Gaussian-09 program package [21] . As a model of unmodified NG, an H-atoms-terminated graphene sheet C 78 H 22 of symmetry D 2ℎ was build, its length exceeding the linear dimensions of the two investigated dyes. Oxidized graphene contains predominantly epoxy, hydroxyl, and carboxyl functional groups [22] . We did not introduce the first two, because this would have led to a violation of the aromaticity and planarity of the graphene sheet, by complexifying calculations dramatically. Hence, starting from the unmodified C 78 H 22 , a model graphene C 86 H 22 O 16 was constructed with eight carboxyl groups on the rim. Their symmetric arrangement provided a high D 2 symmetry of the molecule. For the same reason of maximum symmetry of the model systems, only dyes 1 and 2 were included in this study. It has been found that the interaction of both these dyes with the model graphene sheets is very weak: it does not exceed 23 kJ/mol for the non-modified graphene C 78 H 22 and 35 kJ/mol for the model oxidized graphene C 86 H 22 O 16 in the vacuum approximation and must be even less in solutions. This result conforms to the absence of a detectable interaction between dyes 1, 2 and the NGs.
The interaction of CNTs with small polar linear molecules is described in [18, 23] . The main driving factor here is the intercalation of molecules into the nanotube cavity. Such a model agrees with the changes in the nonlinear optical properties observed in the interaction with nanotubes of dipolar merocyanine molecules [18] .
Modeling the CNTs is more difficult than modeling the graphene sheets. Even in the simplest case of SWNT, the problem of choosing an adequate model arises. Unlike single-layer graphene, there are dozens of isomeric SWNT, differing in diameter and chirality [24, 25] . In a theoretical study, nanotubes are usually approximated by their short fragments containing 60-300 carbon atoms. In our case, the preliminary analysis showed that, to study the interaction of SWNT with cation 2, the length of a model fragment should be equal to 18-20Å at least. To simplify the calculation of the systems under study, it was necessary to choose an even non-chiral structure that would ensure the symmetry C 2 for the model associates of CNTs with dyes 1 and 2. The chosen structure should preferably be a thermodynamically stable isomer. The analysis of the literature data [25] showed that only SWNTs (8.0) and (10.0) completely correspond to these criteria; for the (12.0) one, there exists a slightly more stable chiral isomer, while the chiral isomers become significantly more favorable for larger-diameter systems. For SWNT (8.0), the van der Waals diameter of the inner cavity was evaluated to be less than 4.0Å, too small for the intercalation of the studied dye molecules, so they were not considered further.
Model SWNTs (10.0) and (12.0) were build by using the "Nanotube modeler" (JCrystalSoft), and then their DFT/B3LYP/STO-3G optimization was performed. The fragment of SWNT (10.0) of the formula C 200 H 20 has a diameter of 8.6Å by the C-atom centers, but the parameter determining its properties as the "host" in the inclusion structures is the van der Waals size of its internal cavity. Taking into account that the van der Waals radius of a carbon atom is ca. 1.7Å, the latter value is equal to 5.2Å. The maximum breadths of molecules 1 and 2 are equal to 6.2Å and 8.2Å, correspondingly, both exceeding the above value. For the model SWNT (12.0), the van der Waals size of its inner cavity was estimated as 7.1Å, still less than the size of the molecule 2.
We further studied the following systems: [SWNT . The analysis of the geometries of the final structures has shown that, in cases where the cavity of an isolated nanotube is slightly smaller than the size of a guest molecule, a small elliptical deformation of the nanotube takes place. The resulting stabilization of the studied systems indicates that the energy required for this deformation is smaller than the energy of interaction of the dye with the nanotube. Hence, the calculations have shown that CNTs can more effectively, than NGs, bind dye molecules, incorporating them into the internal cavity. Note also that the average diameter of industrially available SWNTs is 1-1.5 nm [3, 25] , i.e., even greater than in the chosen model structures.
Conclusions
A simple technique affording the preparation of macroscopic amounts of nanographite (tens of grams) from the available starting material has been implemented. The chemical functionalization of the obtained NG has been carried out in order to modify its binding properties. Stable suspensions of NG and its modifications are obtained in water and organic solvents. It is found that cationic, anionic, and merocyanine polymethine dyes do not bind efficiently with the surface of the NGs under study in ethanol solutions. Carbon nanotubes of different types (single-, double-, and multiwall) under the same conditions form stable associates with polymethine dyes, which is primarily manifested by a decrease in the intensity of dye's absorption in time, as well as by the additional stabilization of the nanotube suspension in the case of ionic polymethines. The performed DFT calculations demonstrate that the studied dyes, indeed, do not bind strongly with NGs, though they can enter the inner cavity of CNTs, thus forming more stable aggregates.
